Sterbing-D'Angelo SJ, Chadha M, Marshall KL, Moss CF. Functional role of airflow-sensing hairs on the bat wing. J Neurophysiol 117: 705-712, 2017. First published November 16, 2016 doi:10.1152/jn.00261.2016.-The wing membrane of the big brown bat (Eptesicus fuscus) is covered by a sparse grid of microscopic hairs. We showed previously that various tactile receptors (e.g., lanceolate endings and Merkel cell neurite complexes) are associated with wing-hair follicles. Furthermore, we found that depilation of these hairs decreased the maneuverability of bats in flight. In the present study, we investigated whether somatosensory signals arising from the hairs carry information about airflow parameters. Neural responses to calibrated air puffs on the wing were recorded from primary somatosensory cortex of E. fuscus. Single units showed sparse, phasic, and consistently timed spikes that were insensitive to air-puff duration and magnitude. The neurons discriminated airflow from different directions, and a majority responded with highest firing rates to reverse airflow from the trailing toward the leading edge of the dorsal wing. Reverse airflow, caused by vortices, occurs commonly in slowly flying bats. Hence, the present findings suggest that cortical neurons are specialized to monitor reverse airflow, indicating laminar airflow disruption (vorticity) that potentially destabilizes flight and leads to stall.
THE WINGS OF BATS ARE EQUIPPED with a sparse grid of domed, microscopic hairs. The possible functional role of these wing hairs has been speculated since Georges Cuvier mentioned them in the 1780s, and Sir Hiram Maxim proposed that they could play a role in flight (Maxim 1912) . Only recently have researchers begun to study systematically the anatomical and functional properties of these hairs and the tactile receptors that surround them (Marshall et al. 2015; Zook 2006; Zook and Fowler 1986) . Previous histological and tracer studies revealed Merkel cells near hair follicles in two bat species {Eptesicus fuscus [Marshall et al. (2015) ] and Anthrozous pallidus [Zook and Fowler (1986) ]}.
In the big brown bat (E. fuscus), ϳ50% of the wing hairs are associated with Merkel cell-neurite complexes. In addition, free nerve endings are present in the skin and lanceolate endings that surround follicles of E. fuscus wing hairs (Marshall et al. 2015) (Fig. 1) . The removal of tactile wing hairs with depilatory cream altered flight behavior in two bat species, Carollia perspicillata and E. fuscus (Sterbing-D'Angelo et al. 2011) , which provides evidence that these hairs are functionally involved in flight behavior. In the present study, we characterized the functional role of tactile hairs of E. fuscus by stimulating the wing surface with calibrated air puffs and recorded single-neuron responses in primary somatosensory cortex (S1) to varying airflow parameters, including magnitude, duration, and direction.
MATERIALS AND METHODS

Experimental Animals
Ten adult E. fuscus, weighing between 15 and 21 g, were used for electrophysiological recordings. The bats were wild caught in Maryland under a permit from the Maryland Department of Natural Resources and housed in a vivarium at the University of Maryland, College Park. Bats were housed under reversed 12 h light/dark conditions and given food (mealworms, Tenebrio molitor) and water ad libitum. All tissue used in this study was collected from freshly euthanized bats with intact wings. Husbandry and procedures were approved by the University of Maryland Institutional Animal Care and Use Committee and overseen by the U.S. Department of Agriculture.
Scanning Electron Microscopy
Circular wing samples (13 mm diameter) from 26 different locations on the dorsal and ventral surfaces of three E. fuscus were fixated in 2.5% glutaraldehyde, washed in PBS, and then fixated in 1% osmium tetroxide in PBS (60 min). After a standard washing procedure with bi-distilled water and dehydration in 75, 95, and 100% ethanol, the samples were dried in a critical point dryer (DCP-1; Denton, Moorestown, NJ). The samples were then mounted onto metal pedestals with silver paste, placed in a 50°C oven to harden, and then coated with gold palladium alloy (DV-502/502 Vacuum Evaporator; Denton). The wing samples were imaged with a scanning electron microscope (AMR-1610; Amray, Bedford, MA).
Neurophysiology
Surgical preparation. At least 1 day before surgery, the bat's fur over its scalp was removed with commercially available depilatory cream (e.g., Veet). With the animal under anesthesia (1-3% isoflurane, flow rate 750 cc/min O 2 ), a custom-made, stainless-steel headpost was glued (Loctite 4161) to the skull following a midline incision on the scalp. Breathing was monitored visually at 15-min intervals and body temperature maintained at 34 -37°C by placing the bat on a heating pad. Bats were allowed to recover for 2-3 days before neurophysiological recordings. The head-post was used to secure the bat to a holder and was mounted on a vibration isolation table (Kinetic Systems, Boston, MA), and a small craniotomy (ϳ1.5 ϫ 1.5 mm, enlarged as needed) over the parietal cortex allowed access to the S1. The dura mater was left intact, and sterile saline/silicone oil (DC 200; Sigma-Aldrich, St. Louis, MO) was used to prevent desiccation. Standard sterile surgical procedures were followed throughout the experiment.
Electrophysiological recordings. Extracellular, single-unit responses were acquired using a 16-channel linear electrode array connected via unity-gain head-stage to a data acquisition system (OmniPlex D system; Plexon, Dallas, TX). Neural signals were digitized at 16-bit resolution, sampled at 40 kHz, amplified 200-1,000ϫ, and band-pass filtered between 500 and 5,000 Hz. Data acquisition was initiated via a dedicated personal computer terminal, and a transistor-transistor logic pulse was used to trigger and time stamp the onset of stimulus delivery. Recordings were made from multiple electrode penetrations, spaced 100 -250 m apart from depths of 50 -250 m, ensuring that electrodes remained mostly within the supragranular layers of the cortex. Recording sessions lasted 4 -6 h, and each animal underwent two to six recording sessions spread over a period of 1-4 wk. Spike waveforms and timestamps of extracellularly recorded potentials were extracted using commercially available software (Offline Sorter; Plexon). Single-unit discrimination was achieved using manual amplitude thresholding and template matching. To verify further whether the recorded waveforms belonged to single neurons, projections of the first two principal components were visualized as scatter plots for clustering. Finally, the presence of an absolute refractory period in interspike interval histograms was used to declassify waveforms occurring with an interspike interval of Ͻ1 ms. Further analysis on spike timestamps was done in Matlab (version R2012a; MathWorks, Natick, MA).
Tactile stimulation. With the electrode mounted to a micromanipulator, the contralateral wing was spread to full extension and taped by the tip to a support frame, which was attached to the recording table. Subsequently, the electrode was advanced into the cortex and the wing and body surface stimulated using a set of calibrated monofilaments (von Frey hairs; North Coast Medical, Gilroy, CA). von Frey hairs are available in sets of 20 with discrete, fixed weights. The hairs are calibrated in a logarithmic scale from 0.008 to 300 g (0.08 -2,943 mN), within a 5% SD. Stimulation consisted of pressing the monofilaments at right angles against the skin until they bent and subsequently released. Both dorsal and ventral wing surfaces were tested. Borders and the center of receptive fields (RFs) were determined and cannula for air-puff delivery placed close to the dorsal and ventral surface (3 mm distance), pointing at the center of the tactile RF. For stimulation with air puffs, a syringe with a 14-gauge, blunt-tipped needle was directed at the RF center from different angles in 90°steps. Air-puff stimuli were generated by a glue workstation (Ultra 2400; Nordson EFD, East Providence, RI) and electronically varied in duration and amplitude. The air-puff duration was varied between 40 and 1,000 ms. Speed of airflow was measured using a hot-wire anemometer (100VT-A; DataMetrics, Simi Valley, CA). For the range of intensities used in experiments, airflow speed varied between 3.3 ϫ 10 Ϫ2 and 2.5 ϫ 10 Ϫ1 m/s. We chose to limit the airflow magnitude to 0.25 m/s, because higher velocities indent the wing membrane and stimulate/recruit other receptor pools, e.g., stretch receptors. Since the airflow probe was placed 3 mm away from the wing surface, there was a time delay for the air column to travel this distance. This time delay was measured by recording the output of a MEMS microphone, placed 3 mm from the stimulus probe, and was estimated to be 30 ms. This temporal offset was accounted for in reporting neuronal response latencies. At each recording site, the magnitude of the air puff was adjusted to be just above the neuronal response threshold, ensuring by microscopic inspection that no indentation of the membrane occurred. Each stimulus was presented 20 times, unless noted otherwise.
RESULTS
Wing-Hair Morphology
Wing membrane samples from E. fuscus were collected from the dorsal and ventral propatagium (the leading edge of the wing in front of the arm) and from different locations along the leading and trailing edge of the dactylopatagium (the membranes between the digits), the medial portion and trailing edge of the plagiopatagium (the membrane between digit 5 and the body/leg), as well as the uropatagium (tail membrane). Two types of hairs were found on the wing. Fur-like, long hairs (ϾϾ1 mm) close to the arm, leg, flank, and tail of the bat and very short, tapered hairs on the membranous part of the wing (0.1-1 mm). The long hairs typically showed a funnel-shaped coronal cuticula with an indented, wider part or imbricate, cuticular pattern in the case of hairs with a larger diameter, most likely guard hairs. These long hairs were easily distin- guishable from a separate population of much smaller wing hairs that lack the funnel-shaped, indented scales and instead, have a cylindrical, smooth coronal, cuticular pattern (Fig. 2, A 
and B).
A total of 144 short, tactile hairs from different parts of the E. fuscus wing was morphologically analyzed. The average density of the hairs was low, with one to three hairs per square millimeter membrane surface on the dactylopatagium and plagiopatagium. Often, but not always, these hairs were found along the elastin bands that run through the wing membrane and also as a "fringe" at the very edge of the membrane. The hairs (all hairs pooled) were only a few micrometers thick at the base (means Ϯ SD: 4.39 Ϯ 0.98 m) and end in a thin wisp that is Ͻ1 m in diameter (means Ϯ SD: 0.85 Ϯ 0.51 m).
Hair spacing varied between the leading and trailing edges (LE and TE, respectively), with the TE more sparsely populated (Fig. 3A) . The mean length of the hairs decreased significantly between LE and TE (Fig. 3B) . Furthermore, the taper of the hairs is more pronounced along the TE (Fig. 3C) .
Electrophysiology
To characterize the functional role of the wing hairs, extracellular, single-unit recordings were made from the S1 of 10 adult E. fuscus. First, the responses to varying airflow magnitude from 0.03 to 0.25 m/s were recorded. The duration of air-puff stimuli was set to 40 ms (wing-beat cycle: 35-45 ms); data from 35 well-isolated single units are presented here.
Spike count showed little change as a function of stimulus intensity above 0.9 m/s (R 2 range ϭ 1.92 ϫ 10
Ϫ4
-0.51, median R 2 ϭ 0.11; slope range ϭ Ϫ0.07 to 0.14, slope median ϭ 0.04; Fig. 4A ). By contrast, onset latency decreased with airflow intensity and stabilized at higher stimulus levels, as revealed by a one-parameter exponential model (R 2 range ϭ 0.02-0.81, median R 2 ϭ 0.49; decay constant range ϭ Ϫ0.01 to Ϫ0.54, decay constant median ϭ Ϫ0.04; Fig. 4B ).
Secondly, we addressed the question of whether single-unit activity varies as a function of airflow duration and whether this relationship depends on the location of the RF on the wing , and taper (C) differences between leading edge (LE) and trailing edge (TE) locations on the Eptesicus fuscus wing. For each of the 3 parameters, significant differences between LE and TE were found (one-way ANOVA, Bonferroni correction for multiple comparisons). Shown are means (squares), minimums/maximums (circles), medians, and interquartile ranges. Box: interquartile range with median; top/bottom bars: 5-95% range. Both TE and LE data were sampled from each of 3 bats.
membrane. Extracellular single-neuron responses were recorded in S1 of four anesthetized E. fuscus in response to airflow stimuli of varying durations. Stimuli were delivered at, or just above, threshold intensity (typically 1-2 psi ϭ 0.03 m/s), whereas the duration was varied from 10 ms to 1 s. Figure  5 shows spike raster plots, peristimulus time histograms for three example neurons with RFs centered on different parts of the wing.
The individual neurons showed little response variation to airflow duration (linear regression of spike count: R 2 range ϭ 0.001-0.212, median R 2 ϭ 0.04; slope range ϭ 0 -0.0013, slope median ϭ 0; linear regression of onset latency: R 2 range ϭ 0 -0.35, median R 2 ϭ 0.06; slope range ϭ Ϫ0.002 to 0.011, slope median ϭ 0.002). The same was true for the population average.
Third, extracellular spike waveforms of 22 well-isolated, single S1 neurons from four bats were acquired in response to airflow stimuli delivered from four directions (90°steps, rostrocaudal and mediolateral axes). Response to stimulation (mean spikes/trial) for the preferred direction was compared with the remaining stimulus directions by one-way ANOVA and Bonferroni's post hoc test. In agreement with the previously reported multiunit results (Sterbing-D'Angelo et al. 2011) , all sampled single neurons showed directional selectivity (Fig. 6) , with a majority strongly selective for a single direction (i.e., significantly higher firing compared with all remaining stimulus directions; 14/22 or 64% of the units). Furthermore, a majority (15/22 or 68%) of neurons was tuned to reverse airflow direction.
The number of spikes elicited in response to airflow stimulation varied as a function of direction, as reported above. The airflow response curves thus provided an estimate of directional selectivity exhibited by S1 neurons. Response latency was analyzed across all stimulus directions, as spike timing could potentially carry information about airflow characteristics. However, the calculation of the Fano factor of the spike time data did not yield a statistically relevant result. In contrast to flow velocity and flow duration, there is a clear spike-rate code for flow direction. For the population of sampled neurons, response latency varied as a function of airflow direction, and not surprisingly, the stimulus direction evoking the highest firing rate (preferred direction) also showed the shortest response latency (Fig. 7) .
DISCUSSION
Airflow Responses in Bat S1
Our electrophysiological recordings from supragranular S1 of the big brown bat, E. fuscus, reveal that tactile information produced by spatially restricted (Ͻ1 cm 2 ) air-puff stimulation of the wing surface reaches the cortex as a sparse, temporal, "onset-only" code, with little change in spike counts as a function of stimulus intensity above close-to-threshold airflow velocity. Hence, we hypothesize that the wing hairs sense changes in airflow and not air speed.
The airflow pattern across a bat's wing during flapping flight is complex rather than sinusoidal, which has been used to classify arthropod tactile hair responses (Humphrey et al. 2003) . The flapping of bat wings generates airflow with highfrequency components in the range caused by vorticity. Big brown bats fly at speeds ranging from 3 to 9 m/s, flapping their wings at a rate of 11-15 Hz (Kurta and Baker 1990) , with the two parameters interdependent, at least at low flight speeds (Bullen and McKenzie 2002) . At typical wing-beat rates, each stroke (up or down) lasts ϳ35-45 ms. Hence, we chose an Fig. 6 . Directional selectivity of S1 neurons to airflow stimulation. Polar plots, spike rasters, and poststimulus time histograms showing response of 4 representative neurons (spike counts normalized to the maximum) to near-threshold airflow stimuli delivered from 4 directions. Receptive field locations of these units are color matched to arrows in the bat schematic. The preferred direction is denoted by arrows in the bat schematic, with arrow shades indicating the strength of selectivity; i.e., black, dark gray, and light gray correspond to significantly higher firing compared with remaining 3, 2, or 1 directions, respectively. Fig. 7 . S1 responses to directional airflow. Scatter plot of mean normalized spike counts (left) and onset latencies (right) across all trials and neurons. Note the increase in normalized spike rate from least preferred to most preferred direction. airflow duration of 40 ms for our experiments. Together, flight speed and wing-beat frequency, along with other kinematic parameters, shape the resulting airflow patterns across the wing (Hedenström et al. 2007) . Whereas there are no particle image velocimetry data available for E. fuscus, particle image velocimetry measurements from a similarly sized but slow-flying (1 m/s) bat species (Glossophaga soricina) indicated that the area of reversed airflow caused by the leading edge vortex can stretch up to 3 cm cordwise, almost covering the entire rostrocaudal wing surface (Muijres et al. 2008) .
Our data indicate that spike timing might play a role in the representation of complex airflow patterns across the bat wing. S1 activity, in response to airflow stimulation, is generally rapidly adapting (RA), which is not surprising, given the abundance of lanceolate receptors at the wing-hair follicles. However, the quite substantial presence of Merkel cell neurite complexes in the wing membrane (Marshall et al. 2015) , which are traditionally considered slowly adapting (SA) receptor structures, would suggest that we should also find SA responses. This is not the case. One explanation would be that it has been suggested that the SA characteristic of Merkel cell afferents might be the result of a population code carried by large clusters of Merkel cells [e.g., GüÇlü et al. (2008)]. Moreover, it is known that the sustained portion of the Merkel cell afferent response in mice results from the contributions of many Merkel cells (Maksimovic et al. 2014) . Often, we found only one or two Merkel cells associated with the wing hairs. Such a small number might not be sufficient to create an SA response based on a population code.
The traditional view has been that the SA and RA characteristic of touch information ascending to cortex remains segregated into submodalities in the dorsal column nuclei of several mammalian species (Douglas et al. 1978; Vickery et al. 1994 ) and the somatosensory thalamus (Herron and Dykes 1986) . However, recent evidence suggests that convergence of tactile submodalities occurs earlier in the somatosensory pathway. With the use of tracer techniques, Sakurai et al. (2013) found both RA and SA neurons of the mouse vibrissae follicle marked at the level of brain stem, thalamus, and cortex. They reported anatomical convergence of RA and SA projections at all of these levels. Pei et al. (2009) found neurons whose response to a step indentation was similar to either an SA or an RA afferent. However, ϳ50% of the S1 neurons that they studied responded to a step indentation with both a sustained response and a transient off response, suggesting that these neurons received convergent input originating from both SA and RA afferents. Convergence would also explain the RA responses predominantly found in the present study.
Another question is whether the directionality of the wing hair responses is created by the ascending projection pattern, at the primary afferents, by the receptor structures at the follicle, and/or by the hair itself (angle, curvature). Our scanning electron microscopy (SEM) analysis showed that the crosssection of the hairs is circular, but the orientation and angle (relative to membrane) of the hairs are not preserved during the tissue processing necessary for SEM. Hence, we cannot exclude any of these factors. Rutlin et al. (2014) presented evidence that a subset of mouse lanceolate afferents displays directional selectivity that is the result of their polarized morphology on one side of the hair. We observe both polarized lanceolate endings that localize to one side of hairs (Marshall et al. 2015) and nonpolarized lanceolate endings that encircled bat-wing hairs (Fig. 1A) . This leaves open the possibility that directional selectivity could arise at some primary afferent terminals.
Comparison of Airflow Sensing Hairs across Taxa
Bats. We characterized two different types of hairs on the bat hand-wing: a longer, fur-like (pelage) hair that is found close to limbs and the body of the animal and a very short, strongly tapered type of hair that is found on almost all membranous parts of the wing, including the ventral wing surface. We did not find glabrous skin on the bat's entire hand-wing, whereas there is evidence that the embryological signaling that creates interdigital webbing, i.e., the bat's dactylopatagium (Weatherbee et al. 2006) , also promotes hair growth (Mayer et al. 2008) . Based on density and numbers, the hairs on the wing would be close to the same if an animal only had primary (guard hairs) and secondary (awl/auchene hairs) follicles, whereas the tertiary (zig-zag hair) follicles, which are ϳ75% of the coat hairs and develop last, could have been lost to reduce drag. Interestingly, in mice, primary follicles (guard hairs) are associated with Merkel cells and have lanceolates that surround the entire hair. Awl/auchene hairs also have direction-selective A␦ low-threshold mechanoreceptor (LTMR) neurons, i.e., polarized LTMR lanceolate endings, which show the strongest response when the hair is deflected caudorostrally (Rutlin et al. 2014) . Of course, the guard hairs of mice are large compared with the microscopic wing hairs of bats that have been developed to monitor boundary-layer airflow (Dickinson 2010) . Nevertheless, the unusual expansion of hair follicles on the ventral surface has to be regarded as an evolutionary adaptation for airflow sensing. The pronounced taper of the wing hairs might also have functional implications. Tapered hairs break close to the tip, leaving hair mass and consequently natural frequency intact. Therefore, sensory hairs, such as whiskers and vibrissae, are usually strongly tapered (Williams and Kramer 2010) . Hair shape also influences output sensitivity. A tapered hair leads to higher output sensitivity than a hair with a uniform cross-section (Dickinson 2010) . Dickinson (2010) also computed the optimal hair length for Faulkner-Skan flow, ranging from 0.1 to 2.6 mm, which matched quite well with our measurements of the hair length. Our hair-deflection measurements, using a laserscanning vibrometer, showed that the wing hairs are extremely stiff, with a Young's modulus of 4.4 GPa (Sterbing-D'Angelo et al. 2016) . This Young's modulus value is comparable with that of rodent whiskers and spider trichobothria (Dechant et al. 2001; Quist et al. 2011) . The short wing hairs are so sparsely distributed (1-3 hairs per square millimeter) that viscous coupling between single hairs can be excluded (Lewin and Hallam 2010) .
Invertebrates. Hair-like, flow-sensing structures have been reported in species across many orders in the animal kingdom, including moth olfaction (Koehl et al. 2001 ) and fluid sensing in arthropods in air and water (Barth et al. 1993; Devarakonda et al. 1996; Humphrey et al. 2003) . Airflow sensing using filiform hairs, partially or fully immersed in the boundary layer around the body, has been studied extensively in arthropods, particularly in spiders and crickets (Barth et al. 1993; Shimozawa and Kanou 1984) , and these sensors exhibit an exquisite sensitivity close to thermal noise level (Shimozawa et al. 2003) . The neuronal thresholds found in the present study are significantly higher, which is not surprising, because the batwing hairs have a different function than the arthropod sensors. The arthropod sensors detect the finest variation in the flow field associated with the movement of prey, whereas the wing hairs monitor vorticity around the wing membrane during rapid flapping flight. Like in the spider and cricket, the bat-wing hairs are presumably fully immersed in the boundary layer (Dickinson 2010) .
Variation of hair length is assumed to allow spiders and crickets to extract the intensity and frequency range of the airflow stimulus. The cephalic trichoid sensilla of locusts, e.g., Schistocerca species, range in length from 30 to Ͼ250 m (Smola 1970) . These sensors also show directional sensitivity. Experiments isolating different components of the system show that this directional response is a result of angular deflection of the shaft, which is a function of direction and speed of airflow, as well as mechanical and physiological properties of the system itself. With the knowledge of the directional tuning of individual sensilla, the directional properties of the entire fields have been mapped (Taylor and Krapp 2007) . As described above, we cannot exclude that the orientation and curvature of the hairs are involved in creating directional sensitivity that we observed in bat S1 neurons. However, the asymmetrical distribution of Merkel cells around the hair follicle suggests that the receptor base could very well create directionality independent of the hair geometry. Furthermore, as described above, polarized LTMR lanceolate endings create directionality as well.
Birds. In birds, mechanoreceptors at the base of specialized hair-like feathers have been described. There are four main types distinguished: Herbst corpuscles (HC), Merkel cell receptors, Grandry corpuscles, and Ruffini endings. Necker (1985) and Hörster (1990) have characterized the response properties of HCs and suggested their role in flight control. HCs are the most widely distributed receptors in bird skin. To address the role of wing-associated mechanoreceptors in flight control, Brown and Fedde (1993) recorded activity from radial nerve of a chicken, while either manually moving the alular joint and leading edge feathers or using airflow stimuli delivered through a tube. They noted that discharge frequency increased with elevation of covert (contour) feathers or extension of the alular joint. Elevation of covert feathers increased with angle of attack, up to 40°, beyond which stall (separation of flow) occurs. In addition, an increase in velocity of airflow led to increased firing rate of the secondary feather-filoplume receptors thought to be vibrotactile HCs. This led the authors to conclude that wing-associated mechanoreceptors could detect possible stall at high angles of attack. Similarly, the bat's wing hairs could send signals to the central nervous system about stall at high angles of attack, which predominantly occur during slow flight, particularly while the animal is hovering and banking. During such flight maneuvers, extensive leadingedge vortices have been observed (Muijres et al. 2008) . It should be emphasized though that the bat-wing hairs are much smaller and shorter (Ͻ1 mm) than bird feathers and filoplumes. They most likely do not sense airflow beyond the boundary layer of the wing.
In summary, we conclude that the sparse and precisely timed responses with RA characteristics that we observed in S1 are well suited to detect sudden changes in airflow, and the preference for reverse airflow suggests that S1 neurons of the bat serve as stall detectors rather than long-term airspeed monitors. Through evolutionary adaptations, bats have developed specialized sensorineural mechanisms to increase the robustness and maneuverability of their flight, even in the most adverse situations. Our study of the bat somatosensory system suggests that a sparse code, mainly based on spike rate, may operate to detect the fast changes in airflow patterns, which are needed to sustain flight at the high wing-beat rates of the bat.
